X-chromosome inactivation (XCI), the process by which one of the two X chromosomes of a female embryo undergoes transcriptional silencing, occurs in early embryogenesis. Since inactivation occurs randomly between the two X chromosomes, in theory, 50% of cells will contain an active maternally inherited X chromosome and 50% of cells will contain an active paternally inherited X chromosome. Assuming 8-16 progenitor cells for a tissue [Fialkow, 1973; Amos-Landgraf et al., 2006] and a simple binomial model, highly skewed XCI (HSXI) 6 90% will occur by chance in 0.01-2.1% of women. Rarely, familial skewing involves mutations in XIST or other loci that affect the initial XCI [Plenge et al., 1997] . A second source of HSXI is initial inactivation that occurs in an unusually small pool of cells, as has been reported in monozygotic twins [Redonnet-Vernhet et al., 1996; Schroder et al., 1997] and in fetuses with confined placental mosaicism and trisomy rescue [Lau et al., 1997] . HSXI is thought to result most often from selection in a population of cells in which inactivation was initially random [Migeon, 1998] ; the degree of selection varies among tissue types [Gale et al., 1994; Sharp et al., 2000; Bolduc et al., 2008] . HSXI often occurs in women with a structurally abnormal X chromosome in a manner that pre-Copy Number Changes and Highly Skewed X-Inactivation Cytogenet Genome Res 2012; 136:264-269 265 serves the normal X chromosome and autosomal dosage [Schmidt et al., 1991; Brown et al., 2001] .
High-resolution microarrays can detect copy number changes (CNCs) in the X chromosome below the resolution of chromosome preparations. It is possible that CNCs contribute to the cause of otherwise unexplained HSXI. Their presence could have clinical implications for the health or reproductive success of women with HXSI. For example, a much-quoted paper [Pergeraro et al., 1997] described a large family in which a small deletion in Xq28 detected by linkage and BAC FISH segregated with both HSXI and recurrent miscarriages. This paper led to the hypothesis that HSXI is associated with recurrent miscarriage and/or trisomy. Initially, this result was supported by several other studies [Lanasa et al., 1999; Uehara et al., 2001; Beever et al., 2003 ], but recently, more systematic studies suggest that the hypothesis is invalid [Hogge et al., 2007; Warburton et al., 2009] . There are, however, no published data that directly assess the frequency with which microdeletions or duplications on the X chromosome are related to HSXI. To examine this question, we drew on a sample of women from a study of HSXI and trisomy [Warburton et al., 2009] . The research was approved by the institutional review boards of both Columbia University and the study hospital.
Methods

Study Subjects
In a previous study [Warburton et al., 2009] , we recruited women with karyotyped miscarriages and an age-matched control group of women with live births. The primary aim of the study was to test the hypothesis that women with trisomic conceptions had a higher rate of skewed X-inactivation (in blood) than controls with live births or a chromosomally normal miscarriage. We found no difference in the frequency of HSXI 6 85% among any of the pregnancy groups. In the analyses reported here, the 45 women with HXSI consist of 6.4% of women with miscarriages and 5.9% of women with live births. As controls, we selected 45 women with skewing 50 to ! 75% in blood. Controls were matched to cases for karyotype or live birth status to guard against potential confounding in the event that we detected an association between HSXI and trisomy.
We obtained a second blood sample for a PHA-stimulated karyotype from all women in the study. We also obtained left and right buccal smears for skewing analysis.
The karyotypes of all women were normal at a 550-band resolution except for one woman with a balanced autosomal reciprocal translocation. Mean maternal age was similar for cases and controls (35.2 and 34.3 years, respectively); 90% were non-Hispanic whites.
HUMARA Assay for X-Inactivation Skewing
The methods used for the HUMARA skewing assay and the calculation of the skewing percentage are described by Warburton et al. [2009] . Agreement between the skewing measures in blood and left and right buccal smears was poor (intraclass correlation coefficient = 0.41 and 0.39 for left and right buccal smears, respectively, versus blood). Of 684 women heterozygous at the HUMARA locus, 3 women (0.4%) had HSXI in all 3 tissue samples.
SNP Oligonucleotide Microarray Analysis
We performed copy number analysis using the Affymetrix Genome-Wide Human SNP Array 6.0 (Affymetrix, Santa Clara, Calif., USA). Sample preparation, hybridization, and scanning were performed according to the manufacturer's specifications. All samples met Affymetrix's recommended values for Contract Quality Control ( 1 0.40) and Median Absolute Pairwise Difference score ( ! 0.35) for copy number analysis. Analysis was performed using the Affymetrix Chromosome Analysis Suite 1.0 (ChAS). We used a 'normal reference set' of DNA from 50 samples run on the Affymetrix SNP Array 6.0 in our laboratory. This dataset comprises 25 female and 25 male samples from apparently normal individuals with no phenotypic abnormalities and normal karyotypes. Samples were analyzed blind to skewing status.
Coordinates are based on the hg18 (NCBI36) genome build. This array contains 1.8 million genetic markers, including more than 906,600 single nucleotide polymorphisms (SNPs) and more than 946,000 probes for detection of copy number variation. The mean intermarker distance over all 1.8 million SNP and copy number markers combined is 1,599 bp. For the X chromosome, there are 37,902 SNP markers and 49,200 copy number probes with a mean intermarker distance of 1,776 bp across the chromosome. Coverage is even except for areas of repetitive sequence that do not contain genes.
Confirmation of Copy Number Changes
FISH and real-time quantitative PCR (qPCR) were used to confirm CNCs detected by microarray analysis. FISH was performed according to our previously published protocol [Jobanputra et al., 2005] . For qPCR, we used a relative quantitation method described by Kindich et al. [2005] . This method uses the fluorescent dye SYBR Green I to analyze changes in DNA copy number in the research sample relative to a reference sample.
Results
We initially tabulated and visually examined in detail all CNCs 6 50 kb identified by the software. Many of these CNCs occurred in regions of known variation or included calls that looked spurious on examination of the raw data either because there were not enough probes in the region or the distribution of the probes was uneven. When we increased our threshold to 6 100 kb, these problems were considerably reduced.
We attempted to validate all CNCs 6 100 kb and were able to confirm 7 CNCs. We failed to confirm one dupli-cation in Xq28 which occurred in 4 cases and 5 controls; this duplication appears to be an artifact of the array. We also failed to confirm 2 other gains, one of 114.8 kb and one of 133.7 kb. These were also not convincing when the raw array data were examined.
We considered that the 3 women with HSXI 6 85% in all 3 tissue samples had the greatest chance of having an X chromosome CNC. Two of these women had no detectable CNC. One woman (case 556) had a large 5.5-Mb deletion in Xp22.2p22.12 (bp 13, 876, 370, 512) , preceded by a smaller 250-kb duplication (bp 13,487,048-13,737,322; fig. 1 ). The deletion and duplication were confirmed by FISH analysis with BACs in the region. Table 1 shows, for each lesion, the known genes in the region, any disease associated with mutations in these genes, and what is known about inactivation status. Table 2 summarizes the number and types of CNCs among women with HSXI and controls. We did not find significant differences between cases and controls in the frequency of CNCs, of CNCs with genes, or of women with CNCs. Three cases (6.7%) and 4 controls (8.9%) had at least one confirmed CNC 6 100 kb. If we consider only CNCs containing known genes, there are 2 cases (4.4%) and no controls (0%). Table 3 shows the confirmed CNCs found in cases and controls, known genes in the regions, disease associations and information about inactivation.
A search for 1 15 Mb stretches of homozygosity, suggesting uniparental disomy, was also negative except for 1 case. This case had a stretch of 16.3 Mb of homozygosity on the X chromosome as well as multiple smaller regions on other chromosomes; such widespread homozygosity suggests consanguinity. 
Discussion
Among the 3 women with HSXI in all 3 tissue samples, we detected 1 woman with a large X chromosome duplication and deletion (case 556). We did not detect an increased frequency of CNCs among the 45 women with HSXI in blood compared with the 45 controls. Among cases, the frequency of CNCs 6 100 kb was 6.7% (upper bound 95% confidence limit 14%), the frequency of CNCs 6 100 kb which contained genes was 4.4% (upper bound 95% confidence limit 10.5%). This result argues against the view that microarray-detectable abnormalities of the X chromosome are a frequent cause of HSXI.
For case 556 ( table 1 ) , all the genes in the duplication and 14 of the 34 genes in the deletion are known to escape or partially escape inactivation [Carrel and Willard, 2005] . Genes escaping inactivation cannot lead to HSXI through selection for or against one allele. HSXI in two of this woman's tissues is probably attributable to inactivated genes in this large, gene-rich deletion. It seems probable that the deletion would be lethal in a male carrier. Her reproductive history includes, at the age of 34 years, an early miscarriage of a male with trisomy 6, three unsuccessful intrauterine insemination attempts, one of which ended in a biochemical loss, followed by naturally conceived female monozygotic twins, born when the woman was 36 years old.
Mutations in several of the disease-associated genes in the deletion are known to show variable effects in heterozygous females. The woman who carries this deletion is in good health. She has large, cup-shaped ears and a missing bottom lateral incisor. One twin was born with transposition of the great vessels and is missing both upper lateral incisors. These features may result from hetero- a Defined as changes ≥100 kb with ≤6 kb mean distance between markers and ≤50% overlap with normal copy number variants according to http://projects.tcag.ca/variation. zygosity for a deletion of the NHS gene, where mutation is associated with Nance-Horan syndrome (MIM ID No. 302350), or from other genes deleted in the region. We were unable to study X-inactivation in the twins nor could we study the woman's parents to determine whether or not the mutation is de novo. The woman's only sibling is a sister who has 5 sons, making it unlikely that she is a carrier. In the total sample of cases and controls, we observed 5 confirmed duplications and 4 confirmed deletions. Only 2 duplications (cases 556 and 216) and 1 deletion (case 556) contained genes. Although there are genes with disease associations in the duplication of case 216, these are in a region that escapes inactivation and therefore cannot be associated with skewing.
It is unlikely that any of the observed CNCs could have affected X-inactivation skewing except for the large deletion found in case 556. Our study excludes as unlikely frequencies of gene-containing CNCs 6 100 kb in excess of 10.5% (upper bound of 95% confidence limit) among women with HSXI in blood. From both a clinical and biologic standpoint, this upper bound is low enough to indicate that CNCs 6 100 kb are not a common cause of HSXI.
Among the 3 cases with HSXI documented in more than one tissue, we found one woman with a large X microdeletion that could be the cause of her skewed inactivation status and of minor dysmorphisms. This CNC could also affect future pregnancies, since males with the affected X are likely to be abnormal. Thus, for women with HSXI in multiple tissues, microarray testing may reveal clinically relevant information. Validation of this recommendation would require replication and confirmation of our finding in another sample of women with HSXI in multiple tissues. However, the rarity of women with HSXI in more than one tissue (0.4% in our total sample of women) limits the opportunities for formal replication.
In clinical practice, it is very rare to test skewing in any tissue other than blood. Thus, our results apply to most women reported to have HSXI. If family or reproductive history (e.g. premature ovarian failure, miscarriage, or neonatal death of male conceptions) suggests that skewing due to CNCs on the X chromosome is relevant, confirmation of skewing in a second tissue should precede microarray testing.
